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SECTION I

INTRODUCTION

The Titan II Weapons System is deployed at sites in Arizona, Arkansas, and

Kansas. Although these sites were rural when initially deployed in the

1960s, land development and population expansion has gradually encroached

upon many of the current sites. because the Titan II Weapons System is

charged with toxic hypergolic liqufd rocket propellants (hydrazine fuels and "

nitrogen tetroxide oxidizer), the civiliPn popnlation near these sites must

be protected from accidental atmospheric releases of these toxic propellants

in the event of a transportation, handling, or storage accident. In addition,

these same propellants are used in support ot other operational and planned

weapons system (e.g., Minutemen III and M-X missile) and space launch

vehicles (e.g., Space Shuttle).

Procedures for predicting toxic vapor corridors for an accidental release

of either hydrazine fuel or nitrogen tetroxide oxidizer were developed in the

early 1960s by the Air Force Cambridge Research Laboratory. At this time,

the type of release anticipated by the Air Force at these sites was a single

propellant spill, and the predictions of the toxic vapor corridors upon

release into the atmosphere were baced on the evaporation of the single

propellant and on its subsequent dispersion. The techniques developed by the

Air Force Cambridge Research Laboratory to determine these toxic corridors

were incorporated into the operational procedures when the Titan II was

deployed.

In 1980, a Titan I accident occurred near Damascus, Arkansas in which the

scenario was much different than the one for which the toxic hazard corridor

calculation procec.res were developed. Leaking fuel within the silo

eventually made contact with the oxidizer on board a Titan 1I, leading to a

violent explosiorn which sent combustion products and possibly some unreacted

propellant se"'ral Thousand feet in to the air, where the atmospheric

dispersion process began. This effort Is designed to characterize the

interactions f hypergolic liquid rocket propellants and to provide

I1



information pertinent to the development of a model which would describe the

transport and diffusion process of the airborne combustion products and

unreacted propellant vapors resulting from a catastrophic accident involving

hypergolic liquid rocket propellants.
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SECTION It

COMPILATION OF BACKGROUND INFORMATION

Information with respect to hypergolic interactions between hydrazine

fuels and nitrogen tetroxide oxidizers was obtained from a variety of

sources. The Air Force Project Officer supplied several literature references

which were invaluable in determining critical fireball parameters such as

fireball size, duration, and thermal energy. Technical reports, documents,

and literature sources relative to the identification of combustion products,

Ie fireball generation, and chemical reaction kinetics in the reaction between

the hypergolic liquid rocket fuels were identified through a NASA-RECON and a

Chemical Abstracts computer search.

Past experiments involving reactions between hydrazine fuels and nitrogen

tetroxide/nitrogen dioxide oxidizers have been identified In the literature

reference articles, including the analysis of the Project Pyro tests. The

results of these experiments have identified vapor phase and condensed phase

reaction products resulting from the mixing of two hypergols and have

generated representative explosive yield characteristics for the hypergolic

reaction. In addition to the established combustion products of aerozine-50

with nitrogen tetroxide (which include nitrogen, carbon dioxide, and water

vapor), approximately 60 additional chemical species resulting from this

hypergolic fuel-oxidizer combustion have been reported in the literature.

While the identification and quantification of all such chemical reaction

products is too exhaustive and detailed for the present task, some of these

chemical species may be important components In the combustion fireball due to

thermal or toxicity considerations. Dimethylnitrosamine (NDMA), for example,

is an expected and confirmed product from the nitrogen tetroxide - diemthyl

hydrazine reaction1 and also is a known carcinogen.

3



Information from past accidents which involved reactions of hypergolic

rocket propellants has also been evaluated with respect to the thermophysical

analysis pertinent to the present effort. Results from the Atlas/Centaur

Launch Hazards Assessment Program and the Titan II accident in 1980 were

included In this evaluation.
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SECTION III

THE CHEMISTRY OF THE HYDRAZINE/NITROGEN TETROXIDE BIPROPELLANT SYSTEM

The hypergolic combination of hydrazine-type fuels (including

hydrazine, monometh)lhydrazine [MMH], 1, 1 - dimethlyhydrazine [UDMHJI, and

aerozine-50 (A-50, a 50:50 mixture of hydrazine and UDMH by weight) with

nitrogen tetroxide [NTOJ oxidizers are used in current propulsion systems such

as thp Titan II Weapon. System and the Shuttle Transportation System. This is

of the high specific impulse imparted to the launch vehicle by the chemical

energy released upon mixing the hypergals in the rocket engine.

The stoichiometric reaction between aerozine-50 and nitrogen tetroxide

(the bipropellant system used in the Titan 11 Weapons System) may be

represented by the following eqitation2 :

.6522 N2 H4 + .3478 C2 HsN2 + O/F (1.0217) N2 04

- Products -2.245 (1)

where 0/F is the oxidant-fuel mass ratio (2.24' for stoichiometric combustio,)

and the products of combustion consist primarily of water vapor (H 2 0),

nitrogen gas (N2 ), carbon monoxide (CO), carbon dioxide (C02 ), hydrogen

gas (H2), and hydroxide radical (OH). The available chemical energy from

reacting one gram mole of aerozine-50 (.6522 mole hydrazine + .3478 mole UDMH)

with 1.02 moles of nitrogen tetroxide at 25 0 C (298 0 K) is approximately

1.54 X 105 calories (6.63 X 103 BTU per pound aerozine-50 reacted). This

value was calculated from the standard heats of formation of chemical

reactant3 and gaseous reaction products for the stoichiometric hypergolic

reaction referenced at 298°K, and will be discussed in more detail in

Section IV.

I5I
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In addition to the formation of the gaseous combustion products described

above for a stoichiometric reaction between aerozine-50 fuel and nitrogen

tetroxide oxidizer, several competing side reactions occur upon mixing of the

two hypergols, and over 50 chemical species have been isolated and

identified either as chemical intermediates or condensed phase reaction

products in the A-50/NTO hypergolic reaction.

A list of reported secondary chemical reaction products that result from

the interaction of Aerozine-50 fuel and nitrogen tetroxide oxidizer Is

included in Table I. Some of these side products (such as hydrazine nitrate

and hydrogen azide) have been identified as the reaction condensates

responsible for the "hard start- and "popping" phenomena characteristic of

hydrazine-NTO pulsed rocket engines 3 ' 4 ' 5  While these particular chemical

residues affect engine performance and ignition threshold, the instability of

these compounds at elevated temperatures suggests their absence in a p3
hypergolic fireball resulting from a propellant accident during transportation

or handling. The hydrazine nitrates and azides; therefore, are not seen to be

airborne toxins in an accidental hypergolic explosion. Other chemical

reaction products are more stable,especially at lower temperatures (5000K),

and the presence of these compounds in a hypergolic fireball may significantly

impact the toxic vapor corridors for a hipropellant accident scenario. The

chemical species in this category include dimethylnitrosamine (NDMA), methyl

amine, dimethyl amine, formaldehyde, hydrogen cyanide, ammonia, and

formaldehyde dimethylhydrazone (FDH). In addition to these reaction products,

unreacted propellant vapors (hydrazine vapor, UDMH vapor, nitrogen dioxide)

resulting from incomplete combustion and volatilization of excess propellant

will also pose a health hazard upon atmospheric dispersion, since both the

hydrazine fucl and nitrogen tetroxide oxidizer are extremely toxic, in both

the liquid and vapor states.

Most of the reaction products cited in the literature and listed in

Table I can be accounted for by one or more of the following chemical reaction

liechanisms.

6L
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TABLE I

REACTION PRODUCTS IDENTIFIED IN THE AEROZINE-50

NITROGEN TETROXIDE REACTION

No. Compound Name Molecular Formula Reference

I nitrogen N 1,3,6
.4b

- 2 hydrogen H2 3,6

g3 water H 20 3,6

4 oxygen 02 3,6

5 carbon dioxide CO2  1,3
.4

6 carbon monoxide CO 1,3
6.

7 ammonia NH3  1,3,6

8 nitrogen dioxide NO2  1,3

9 nitrous oxide NO 3,6

10 nitric oxide NO 3,6

11 hydroxide OH 2

12 monatomic hydrogen H 2

13 monatomic oxygen 0 2

14 nitrogen trioxide N2 03  2

15 nitric acid HNO 3  3,6

16 nitrous acid HNO 3,6

17 hydrogen azide HN3 3

18 hydrazine azide N2 H N3  3,5

19 methanol CH3 OH 1,3
20 methyl amine CH3 NH2  1

21 dimethyl amine (CH 3 ) 2 NH2  I

3)2

7',S
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TABLE I (Continued)

S..
REACTION PRODUCTS IDENTIFIED IN THE AEROZINE-50

NITROGEN TETROXIDE REACTION

No. Compound Name Molecular Formula Reference

22 formamide CNH 0 1

23 formaldehyde CH2 0 3

24 nitrosamine NH 2 NO 3,6 ° i

25 dimethylnitrosamine (CH3 ) 2 NNO 1,3

26 dimethylformamide (CH 3 ) 2 NCO 1

27 methylnitrosamine HCH3NNO 1

28 hydrazine nitrate N2 H5 NO3  1,3,4,7

29 hydrazine dinitrate N2 H42HNO 3  3,5

30 hydrazine nitrite N2 HsNO2  3,5

3.1 dimethylhydrazine nitrate (CH3 ) 2 NH3 NO3  1,3

32 ammonium nitrate NH4NO 3  3,6

33 ammonium azide NNt4 N3  3

34 ammonium nitrite NH4 NO2  3

35 formaldehyde dJmethylhydrazonc CH2 NN(CH3 ) 2  3

36 tetramethyl tetrazine (CH3 ) 4 N4  3

37 tetrazine H4 N4  3
38 formaldehyde monomethylhydrazone CH2NNHCH3 3

39 triazine H3 N3  3

40 azine H2 NNNH 3

41 monomethylhydrazine CH3 HNNH2  3

42 methyl azide CH3 N3  3

3 3i
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TABLE I (Concluded)

REACTION PRODUCTS IDENTIFIED IN THE AEROZINE-50

NITROGEN TETROXIDE REACTION

No. Compound Name Molecular Formula Reference

43 nitromethane CH3 NO2  3

44 methyl ammonium nitrate CH3 NH3 NO3  3

45 nitrosohydrazine N2 H3 NO 3

46 diazomethane CH2 N2  3

47 tetramethylhydrazine (CH3 ) 4 N2  8

48 methyl nitrite CH3 NO2  3

49 methane CH4  3

50 ethane C2 H6  3

51 propane C3 H8  3

52 acetylene C2 H2  3

53 hydrogen cyanide HCN 3

54 formic acid HCOOH 3

55 cyanic acid HOCN 3

56 butadiene C4 H6  3

57 ethyl azide C2H5 N3  3

58 ethylene C 2H 4  3

59 nitrilohydrazine CNN2 H5  3

9
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A. FREE RADICAL REACTION
Io

The oxidant, N2 04 , or more precisely the monomer NO2 is a molecule

with an unpaired electron and is thus capable of forming free radicals. The

NO2 free radical can dimerize, add "o double bonds, abstract hydrogen, and

"*activate" other chemical species for further chemical reactions. Figure 1

details a reaction mechanism between hydrazine type fuels and nitrogen

tetroxide oxidizer through a NO2 -free radical intermediate.

For the hydrazine reactant A (R - H, R' - H), the intermediate products

. are ammonia (E), nitrosamine (F) and ammoniun nitrate (G).

For the monomethyl hydrazine reactant A (R - H, R' - CH3 ) the

intermediate products are monomethyl amine (E), methylnitrosamine (F), and

methyl ammonium nitrate (G).

For the 1, 1-dimethylhydrazine reactant A (R - CH3 , R' CH3 ), the

Intermediate products are dimethyl amine (E), dimethylnitrosamine (F), and

dimethyl ammonium nitrate (G).

Note that only dimethylnitrosamine is stable upon the oxidation by

N2 04 . Nitrosamine readily decomposes to water and nitrogen, and

monomethylnitrosamine decomposes to methanol and nitrogen.

B. NITROSATION REACTION

Figure 2 shows a postulated mechanism and reaction products resulting from

the nitrosation of hydrazlnes by nitrosonium ton (NO+), formed from the

ionization of nitrogen tetroxide which is promoted by donor solvents such as

aminen and hydrazines.

10
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N 204 2 . NO2

N02
R'RN - N, =1--% R'RN + HONO

(A) 2 (B)

R'RN -NRRN N 4141(C) '.NO2 L D)

'RNH

"R'RN-NO + H20 (or H4+ R'RN-NO + R'RNH NO
(F) 2 (G)2  3

if R' - CH3 and R - H, then

N-NO I CH OH + N

H (F) C 3  + 2

I if R R' H, then

H "--N-NO - H 0 + N

H (F) 2 2

Figure 1. Proposed Free Radical Mechanism for Reaction of N204

with Hydrazine (Reproduced from Reference 1)
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ON- NO2 ONONO2  No + NO;

2 2

R'RN- Nil + NO+ - A R'RN N ~ + H4

(A) 2 (1) 'N

R'RN- N - NOH R'RNHH + NO20
(J) (E) 2

+
RN + R'OH R'RNNO + H

(K) 3 L) (F)

.NO + NON3 NON 3 R'R,,N(Ht) 2c• (N) 2

NO0 N
2 2

R'RN. NH +• 4+ N0_- R'RN -NH,+ NO

(A) 2 H)3

t.

Po

Figure 2. Proposed Nitrosation Mechanism for Reaction of N2 04

with Hydrazines (Reproduced from Reference 1)
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This reaction also accounts for the formation of substituted amines

(products E + N), nitrosamines (product F) and methanol or water (product L).

It also indicates the formation of nttrosohydrazine (product I), the azides

(methyl and hydrogen, product K) and methyl nitrate or nitric acid (product

M). The substituted hydrazinium nitrates (product H) are formed from the

reaction of substituted hydrazines with nitric acid.

Several of these species may also form via a simpler mechanism. Since

water is a reaction product of the hydrazine/nitrogen tetroxide reaction, the

water generated by this hypergolic reaction may react with unreacted nitrogen

totroxide to form nitrous acid and nitric acid, which may subsequently react

with the substituted hydrazines to form azides, nitrosamines, and hydrazinium

nitrates.

RRN - NN + N - CO2 + H2 0 + N2  (2)', -N2 2 N24 2

+ other products

H2 0

N2 3 4 a 2NO2  ' HNO2 + HNO3  (3)

R'RN -NH 2 + wo R'RNNO + RR'NH + N20+ HO (4)

(A) (F) (E 2

for R' - R - H,

H2N - NH3 + HNO 2  - HN3 + H2 0 + II+ (5)

R'RN - NH + NO R'RN - NH NO NO (6)

(A) 2 3 OtH) 3 3

The occurrence of the other reaction products in the aerozine-50/nitrogen

tetroxide reaction can be best explained by the oxidation of methanol by 1J0 2

(or N2 04 ) which produces formaldehyde. The formaldehyde can further react

to form acetic acid, formamide or an N-substituted formamide, formic acid, arid

formaldehyde dimethyl hydrazone

13
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In general, the appearance and relative composition of the reaction

prodlucts described above depend on the oxidizer/fuel ratio, reaction

temperature, reaction pressure, degree of mixing of oxidizer and fuel, aad

ge.imetric and temporal mixing conditions (such as surface area and wall

effects, as welt as propellant addition rates). As will be subsequently

described, few of these secondary reaction products are predicted by chemical

equilibrium considerations; most products identtfied in a reaction mixture

therefore are frozpn in a nonequilibrium state due to kinetic barriers. -A

Since activation energies for the various reaction pathways are not readily

.jjailahle, prediction of the absolute amounts of these secondary products In a

given hypergolic reaction is difficult at hest.

C. ATMOSPHERIC OXIOATION OF HYPERGOLIC ROCKET FUELS [
Hypecgolic liquid rocket fuel (hydrazine, MMH, UDMH) will react with

.itmospheric oxygen to produce some of the same oxidation products identified .

in the fui/nitrogen tetroxide reactions. Because oxygen is a weaker oxidizer

than NTO, the stable oxidation products resulting from the interaction of the

hydrazine fuels with air are intermediates in the hydrazine/NTO reaction. For

example, formaldehyde dimethyl hydrazone (FDH) has been !dentified as a minor

oxidation product or intermediate in the UDMH/NTO reaction but as the major

oxidation product In the UDMII/air reaction. Thene air oxidation products are

important in catastrophic accidents In which unreacted liquid fuel or fuel

vapors ire exposed to the air, particularly upon atmospheric dispersion of '

unreacted fuel vapors.

Hydrazine Autoxidation
°'A

Hydrazine reacts wrth atmospheric oxygen to produce nitrogen and water

accordi.ng to Equation (7).

N2 H4  + 02 . N2  + 2H20 (7)

14



A sLde product of this air oxidation of hydrazine vapor is gaseous

amnmoola, and the rate of the main reaction, as well as the side reaction

producing ammonia ias been determined to he strongly dependent on surface area
9and geometric factors

Hydcazine may also decompose in the absence of air to form ammonia,

nitrogen, and hydrogen according to several pathwayq, the most generally

accepted on is represented in Equation (9).

N2 H4 --- NH3 + 1/2 N2 + 1/2 H2  (9)

This reaction, often termed hydrazine monodecomposition, occurs only in the

presence of an appropriate catalyst (e.g.,metal surfaces) or upon sparking or

detonation of vapor mixtures 6 10 Thus, unreacted hydrazine va~or:i may be

expected to form ammonia, nitrogen, and hydrogen gas with the release of

thermal energy under conditions in which the accidental mixing of hypergolic

rocket fuels favors a detonatton reazion or explosion.

2. Oxidation of Substituted Hydrazines

The major oxidation products identified in the MMH/air reaction are

formaldehyde monomethyl hydrazone (FNH), methane, methanol, nitrogen, and

water 1 1 . The reaction between UDMH and air produces FDH, nitrogen, and
water according to the stolchiometry in Equation (10).

3 (CI1 3 ) 2 NNH9 + 202>2(CH3)2NNCH2 + N2 + 41120 (10)

Diazomethane, dimethylamine, ammoniaand NUMA h:ive been identified as

minor products In the UDNHH/air reaction

15
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D. ATMOSPHERIC REACTIONS OF HYPERGOLIC ROCKET OXIDIZERS

Unreacted liquid rocket oxidizer (NTO) may vaporize during an accident

involving hypergolic rocket propellants to product nitrogen tetroxide vapors

and nirrogen dioz.ide vapors. The proportion of nitrogen tetroxide to nitrogen

dioxide in the vapor rihase is controlled by the equilibrium constant K for
p

the reaction:

2 NO K K p N2 04  (11)2 N20 4  p 2
(p NO2 )

Where p N20 4 = partial pressure N204 vapor at equilibrium

p NO2 - partial pressure NO2 vapor at equilibrium

The equilibrium constant K for the association of two molecules ofp

nitrogen dioxide gas into one molecule of nitrogen tetroxide gas is

rnmperature-dependent and can be calculated by the Gibbs free-energy function

for the association reaction [Equation (11)]:

LGO - -RT In K = -13600 + 412.6 T (12)p

Where R = gas constant (1.987 cal/mole OK)

K - association equilibrium constant (1/atm)
p

T = gas temperature (OK)

AGO - Gibbs free energy (calories/mole)

The equilibrium mole fractions of nitrogen tetroxide gas and nitrogen

dioxide gas as a function of temperature as calculated from Equations (11) and

(12) are presented in Table II. In this case, the mole fractions of nitrogen

16



I

oxide vapors (NO2 or N2 04 ) are equal to the partial pressures of the

vapors at one atmosphere total pressure. The percent of dissociation of

aitrogen tetroxtde dimer to nitrogen dioxide monomer,as defined in Equation

(13),is also presented in Table It. Thus, above lOO°C (371°K), unreacted

nitrogen tetroxide gas is virtually completely dissociated into nitrogen

dioxide gas 1 2 .

p NO2 X 100
Percent Dissociation __(13)

p NO2 + 2p N2 04

TABLE II. EQUILIBRIUM COMPOSITION OF NITROGEN TETROXIDE AND NTTROGEN
DIOXIDE IN THE VAPOR PHASE AS A FUNCTION OF ABSOLUTE
TEMPERATURE

(PTota1 = I Atmosphere)

Mole Mole

Temperature Fraction Fraction Percent

K N2 04  NO2  Dissociation

298 .698 .302 18

333 .539 .461 30

323 .426 .574 40

373 .066 .934 88

1
.1,
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Oxidizer vapors evolved during a hypergolic propellant accident, which

iill Include both N2 0 4 and NO2 gases, will react with the atmospheric

components of air during EirebaLl generation and aerial dispersion. These

vapors are expected to react with molecular oxygen to produce a mixture of

nitrogen oxides (NOx) which may include nitrogen trioxide (NO 3 ; x - 3),

dinitrogen trioxide (N 2 0 3 ; x = 3/2) and dinitrogen pentoxide (N 2 0 5 ;

-52). They will also react with atmospheric water vapor to produce both

nitrous acid (INNI0 2 ) and nitric acid (ITO 3 ). The latter phenomenon is

Ynown .-i t'he acid ra n effect. Vaporized rocket oxidizer may also react with

su-y hydrocarbon pollutants in the atmosphere, and these interactions are

,:,tailed 'n Reference 13.

18
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SECTION IV

THERMOCHEMICAL ANALYSIS OF A HYPERGOLIC REACTION

L,-on mix~ng of the hypergolic rocket propellant (A-50 and NTO) during an

accidental spill or missile tank rupture, the chemical energy of the

propellants is converted into thermal energy used to heat the hypergolic

combustion products, to vaporize excebs unreacted propellant, and to heat the

surroundings in the vicinity of the accident. The thermal energy of the

resultant fireball, as well as it measure of the time-dependent energy release

of the fireball (heat fluy) upon fireball generation and lift-off, are

important in the quantification of the release height of the chemical

components contained in the fireball and the subsequent deposition pattern

upon aerial dispersion.

Thermochemical analysis for hypergolic fireballs were calculated for three

separate cases: (1) Fireball combustion products were identified and

adiabatic flame temperatures were calculated, using theoretical thermodynamic

combustion properties of the hypergolic propellants and the gaseous reaction

products; (2) Where the oxidizer to fuel ratio was far removed from

stoichiometric combustion, the chemical reaction was treated as a

nonequilibrium condition, in which the resultant thermal energy of the

fireball was used to heat and vaporize the excess propellant; and (3) The

time - temperature profile of a hypergolic fireball was calculated, assuming

radiative heat transfer to the environment. These analyses, as well as the

determination of the fireball size, are detailed in the sections that follow.

A. ADIABATIC FLAME TEMPERATURE AND CHEMICAL COMPOSITION CALCULATED UNDER

EQUILIBRIUM CONDITIONS

Quantification of equilibrium chemical species and calculation of fireball

adiabatic temperatures resulting from stoichiometrtc and nonstoichiometric

19



reactions of aerozine-50 with nitrogen tetroxide were accomplished using a

computer program tcj calculate complex chemical equilibrium composition (NASA

SP-273) 1 4 . The program solves equations by reiteration to minimize the

Gibbs free energy of the chemical reaction products and maintain a mass

balance between the chemical reactants (hypergolic propellants) and chemical

products (combustion products, oxidation products, and unreacted

propellanta). This particular program has been routinely used at Martin

Marietta to calculate rocket performance parameters for Titan launch vehicles

employing hypergolic propellants. The program employs approximately 60

possible reaction products resulting from a particular hypergolic propellant

combination.

Flame temperatures of hypergolic fireballF 4ere calculated by this prggram

for an adiabatic condition, i.e., conductive, convective, and radiative heot

losses to the environment are negligible. In this case, the heat of reaction

of combining (a) moles of A-50 with (b) moles of NTO at 25 0 C (298 0 K) was

used to heat the resultant chemical species in the fireball from 25 0 C to the

final flame temperature TF.

For the hypergolic chemical reaction:

a C. 6 9 6 H5 39 N2 + bN2 04 -=-•* njpj + /Hreaction (14)

where:

a - number of moles of A-50 reacted

b - number of moles of NTO reacted
n= number of moles of combustion product P

Hreacton heat evolved from chemical reaction

(calories/mole or BTU/pound)

20



The adiabatic flame temperature (TF) is calculated for the hypergolic

reaction as follows:

Alreaction aA llf (A-50) + hA Hf (NTO) - .pf (P)

J298 nj CpjdT (15)

For unreacted propellant vapors (PK) which may be hydrazine vapor, U1MH

vapor, NTO vapor or NO2 vapor depending on the relative amounts of fuel and

oxidizer involved in the hypergolic accident (O/F mole ratio is 1.02 for

stoichiometric combustion), the enthalpy change from 2980 K to TF Includes

a phase tranRition, therefore the final thermochemical equation which includes

both gaseous combustion products and vaporized propellant may be written

(a + a,) Hf (A-50) + (b + bh)A Hf (NTO)- g n A Hf (Ps)

S9jCp dT + n C dT + nk Hva (Pk
S dT jj k pk y ap k

2998 9

+ 4" k Cpk dT (16)

Where:

aI a number moles excess A-50 vaporized

bI a number moles excess NTO vaporized

AHf = the standard heat of formation of the liquid rocket propellants

(A-50 or NTO); or the standard heat of formation of the jth

gaseous combustion product

p - the constant pressure heat capacity for the jth gaseois

combustion product

n the number of moles of kth unreacted vaporized propellant

21

• r -d



CpI . the constant pressure heat capacity for the k th unreacted

propellant at the temperature Interval of Interest U_

Tv temperature (°K) at phase transttion

&H latent heat of vaporization at Tv oK .
va0p

Computer calculations were performed for oxidizer-to-fuel (O/F) mole

ratio& between 0.0102 and 510.0. The O/F molb ratio for -ito~chlometric

combustion is 1.02, and the O/F mole ratio for the full inventory of

h'ypergolic propellant conLained in the Titan It missile (104,609 pounds .1

aerozine-50 and 207,560 potindc nitrogen tetroxide) is approxmately 0.90. The

calculations were also performed at several reaction pressures intended to

sinmi•are different accident scenarios:

1. Combustion in an Open-Field or Vented Environment

P1 - 1.0 atm

The hypergolic reaction pressure was defined as 1.0 atmosphere (14.7 p3ia)

for pcopellant accidents: in which the gaseous combustion products were allowed

to 2xpon'I and release in an unconfined space. This analysis would be

,'epresentative of an open-field propellant spill, or a silo spill in which the

blant cover door was removed or vented.

2. Confined Silo Fire with Minimal Explosion Hazard

P2 - 12.56 atm

This jlrtiation Is intended to represent a bipropella-it accident in a

confined Titan II missile silo (700-ton horizontal silo door intact) in which

the propellant leak rate is too slow to allow any overpressure conditions in

the silo due to deflagrition or detonation of the combined hypergolic rocket

propellanr.s. In this case, the silo pressure will slowly rise until the 700

22
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ton blast door will be ejected, and the resultant fireball will he

subsequently released from the opened silo. The pressure at fireball lift-off
time can be calculated from the force required to remove the horizontal silo

door as follows:

P2= Pressure required to eject silo cover -

Weight Silo Door (Pound) + 4X Shear Force T-Lock Restraint
Exposed Surface Area Silo Door (17)

66
S1.4 X 10- Lb + 4(5.5 X 10 Lb) 2.45 X 104 Lb/Ft2P2

954 Ft 2

P2- 185 psia - 12.56 atmospheres

3. Open Silo Hypergolic Explosion

P3 - 1.0 atmosphere + Pover

This analysis is performed to estimate a large-scale propellant spill in

which the propellants spill out of missile tankage and mix in an open silo.

In this case the spill and mixlng rates of the hypergollc propellants are

large enough to initiate a chemical explosion. Detonation reacttons between

%idrazine-type fuftIs and nitrogen tetroxide oxidizer have been previously

documented in the literature1 5,16. The analyses for the detonation shock

front resulting from the accidental explosion has been calculated,using the

gesetric conditions present In the Titan II launch tube. The area available

for expansion of the shock front In this case Is equal to twice the

cross-sectional area of the launch tube (expansion in two directions) minus

the void cross-sectional area of the missile. This is

2( rrR2 ) frR2 946 Ft2 (18)
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where:

R -radius of launch tube a 2 2 Feet

R' radius of missile - 5 Feet

Many different factors can affect the severity of the shock

overpressure . The most significant of these are:

a. Total propellant weight

b. Propellant type p
C. TNT equivalent yield .

d. Geometry of surroundings.

The relevant geometry for an in-silo explosion resulting from the mixing

of the two hypergolIc propellants has been defined above.

The TNT equivalent yield is a measure of the explosive potential of the

detonation reaction, i.e., the TNT yield is the weight fraction of the

explosive substance which Is equal to the same weight of TNT. In hypergolic

explosions between A-50 fuel and NTO oxidizer, a 0.5 percent TNT equivalent yield

conservative maximum can be expected from Project Pyro test data1 6 .

The static peak overpressure for the detonation blast wave is the measured

air pressure in the shock front, and is related to the total propellant

weight, TNT equivalent yield and reduced distance ( ) by the following

equation:

log P -- 2.349 logy + 3 (19)
over

where Pover a the static peak overpressure (psig) and X. - the reduced

distance.
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In theory, a given overpressure will occur at a distance from an explosion

proportional to the cube root of the energy yield or to the cube root of the

explosive weight. Full-scale tests indicate that this relation between

distance and energy released holds for explosive yields into the megaton

range: 1 5

* ~r .
(20)

(%W)

where r = equivalent silo hemisphere radius

I? (946/2#") 1'/ 2 - 42.3 Feet

and percent W = Equivalent explosive weight involved in hypergolic reaction.+ (O .

not include unreacted vaporized propellant).

Equation (19), which was valid for 1000-pound Project Pryo test data for

reduced distances ( ) between 1.0 and 10.0, can be combined with Equation

(20) to give the final static overpressure equation:

* 12.3log P - -2.349 log +3 (21)

over (.005 Wb)/3

Where W b the total liquid propellant weight (pounds) involved in the

hypergolic reaction.

From Equation (21), hypergolic reactions involving large quantities of %

mixed propellants are more catastrophic in nature, resulting in higher static L
peak overpressures and explosive detonation. As the total propellant weight

involved in the hypergolic reaction (Wb) decreases, the peak overpressure

decreases and the accident scenario more closely resembles a nonexplosive

chemical combustion.
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